Optical absorption and thermoluminescence measurements were used to study the effects of gamma-irradiation on trivalent actinide ions in CaF 2
INTRODUCTION
Small amounts of lanthanide ions incorporated in crystals of CaF 2 exhibit the optical spectra of the trivalent state. However the main feature is the appearance of many absorption (or emission) lines from multiple symmetry sites due to different t~es of charge compensation of the tripositive 1 ion in a dipositive host crystal.
The main feature of chemical interest is that the Two of these ions~ Am and Es , behave Similarly to the lanthanide ions in that irradiation causes the formation of the dipositive ions as shown by electron paramagnetic resonance (epr) investigations. However in the cases of the Np3+, Pu 3 +, and em 3 +, irradiation caused the oxidation of these ions to the tetrapositive state. In this paper we report the results of our optical investigations on actinide ions in CaF 2 crystals.
-2-EXPERDfENTAL Actinide ions doped in CaF 2 crystals were prepared in the same manner as discussed previously.IO The actinide ions in concentrated acid solution were added to powdered CaF 2 containini 2 wt.% PbF 2' which was used as a scavenger for water and oxygen. other samples containing lanthanide ions or 11 uranium ions were purchased from Optovac, Inc.
The concentration of,the dopant ion in the cyYstal was not determined. The initial 'doping levels before crystal growth varied from 0.01-0.8 wt.%; however, the amount retained in the crystal after meltini can varY widely from this figure.
Spectral measurements were made' photographically using a Jarrell-Ash F/6.3 plane gratini spectrograph which had, in the first order, a reciprocal linear dispersion of approximately loAlmm at the blaze wavelength, 500oA. A Cary l~odel 14 recording spectrometer was used in the infrared region. Quantitative absorption measurements were made with a Jarrell~Ash Model 82-000 0.5 meter Ebert scanning spectrometer used with an RCA 7102 photomultiplier which was cooled by a flow of cold nitrogen gas.
Single crystals of CaF 2 containing various impurity ions were exposed to gamma rays from a 60Co source of approximately 6xl0 6 roentgens/min. for various lengths of time. The temperature at which this irradiation took place could be changed by placing the sample in a small dewar containing either liquid nitrogen or an ice-water bath.
Glow'curves were obtained by slowly warming the crystals from ~IOOoK to room temperature by means of an adjustable flow of cold nitrogen gas. The temperature w:as measured with a resistance thermometer which gave a l,inear response in the temperature range 100oK-300oK and was calibrated with a Thermoluminescence measurements above room temperature were obtained by heating the crystal with a resistance coil and measuring the temperature with a chromel-alumel thermocouple. no new lines appeB:red so this possibility was excluded.
RESULTS

SHARP LINE SPECTRA
The growth and decay of various lines between 9400-10000A as a function of irradiation time is shown in Fig. 3 . The height of the absorption band was assumed to be proportional to the concentration of ions, since the linewidth did not change upon irradiation. In Fig. 4 The number of levels found for the Np4+ formed by room temperature irradiation was eight. This manifold was assigned a J-value of 11/2 by analogy to assignments 4+ made in other Np compounds. For absorption spectra from only the ground crystal field level a maximum of six lines can be attained from one symmetry site.
If we assume more than one lower level contributes to the absorption lines at 77°K, we should observe some constant differences between the observed lines.
Calculation of all possible energy differences showed no constant differences to within experimental error so we conclude the absorption lines at 1.7~ are due 4+ to at least two different Np symmetry sites.
The above result was confirmed by gamma irradiation of the Np3+-CaF2 crystal at 77°K for 48 hours where only two NP4+ lines appeared in the 1.7~
region. This excludes the possibility that the surplus lines are due to vibronic transitions. These lines were also present (at twice the intensity) in the OOC irradiation. The most pronounced effect of the irradiation at 77°K, however, is the spectral changes in the Np3+ region of the infrared. Between 1.9 and 2.4~ three lines appeared, one line originally present increased greatly -6-in intensity, two lines decreased in intensity and 20 lines were unaffected.
Part of this spectral region is shown in Fig. 5 . Warming the crystal to room temperature partially bleached the new structure and heating to 'V4000C bleached it.completely. . 3+ It should be emphasized that these Np changes only occuredfor gamma irradiations at 77°K, not at room temperature. . . 3+ Therefore the mechanism for these site symmetry changes for Np . must be different from that which caused the oxidation of Np3+ at
The optical spectrum of Pu in CaF 2 has been reported previously. 7
Self-irradiation of a 238pU_CaF2 crystal at room temperature which originally contained Pu 3 + resulted in the appearance of a new sharp line spectrum which was .
. 3+
assigned to Pu and several broad absorptions assigned to color centers.
Self-irradiation of this crystal at 77°K showed only the formation of the broad absorption bands.
In the present work a 239Pu_CaF2 crystal containing approximately 0.7 wt.% Figure 6 shows the features observed and Table 1 In addition to the actinides, the glow curves for the lanthanides Er, Ho, and
Tm were run for comparison purposes. The Er, Ho, 'I'm, Am, and em emissions were extremely intense; the Np, Pu, and undoped CaF 2 emissions were very weak and in order to obtain the data the photomultiplier was cooled. The peak temperatures of the glow curves are listed in Table. 2. Although the relative intensities differ, and in some cases are missing, all the glow curves are similar. It was not possible to obtain temperature measurements of the weak emission i'rom Np; however even in the case of undoped CaF 2 weak peaks were obtained which may be due to residual impurities. As can be seen from the data the glow peaks appear to be independent of the particular actinide ~rare earth ion and therefore we assign these peaks to thermal traps of the host crystals. Our glow peaks in this temperature range are very similar to those of MP which they ascribed to the recombination of a hole with a trapped electron at a cubic lanthanide site. The second method for determining activation where Tg is the temperature of the glow peak maximum, kis the Bolzmann constant, and T2 is the temperature at half intensity on the high temperature side of the peak. Table 3 
THERMOLUMINESCENCE SPECTRA
We have studied the thermoluminescence spectra of Am and em in the temperature range 77°K-300oK and compared them with the spectra obtained from the fluorescence excited by a 1000 watt Hg lamp. It was not possible to obtain similar spectra from Np-CaF 2 and Pu-CaF 2 because of the weak light intensities. The Am thermoluminescence and fluorescence is shown in Fig. 9 .
Although the thermoluminescence lines are considerably broader than the fluorescence lines it is clear there is one additiona.;Lline in the fluorescence.
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-11-All spectra are assigned to Am 3 + transitions but only a particular site symmetry (probably cubic) is involved in the thermoluminescence. The intense
3+
high temperature green emission from Am at approximately 500°C has been previously assigned to noncubic sites.
8
The thermoluminescence (77°K-3000K) and luminescence (77°K) spectra However there is no evidence for the excited state splittings which should be quite appreciable. The fluorescence spectrum consists of many more transitions which arise from many other symmetry sites.
3+
Thus for Cm-CaF the thermoluminescence may be assigned to cubic symmetry. • . . Another possibility is that the trapped electron moves in a hydrogenlike orbit about the trivalent actinide impurity.22
The room temperature oxidation mechanism was shown previously not to proceed by direct ionization. We suggest instead that irradiation produces fluorine atoms by stripping electrons from interstitital fluoride ions or regular lattice fluorides. One of these fluorine atoms may then diffuse to a nearby An 3 + ion and oxidize it by accepting an electron. The electrons trapped in the lattice become free to diffuse through the crystal as the temperature is increased. Recombination with a tetravalent ion leaves an excited trivalent ion which decays to its ground state resulting in the observed emission. Since each electron trap configuration requires a different activation energy to free its electron, several thermoluminescence peaks are observed.
It . t h · 3+ lS apparent from e correlatlon of the decay of Np with the -14-growth of Np 4+ that only certain sites wi th part icular charge compensating mechanisms are susceptible to oxidation. Since this mechanism depends on the actual migration of atoms it is very temperature dependent and accounts for the very low yield and site symmetry dependence during 77°K irradiations. One problem exists with the proposed mechanisms.
.
3+ .
The new Np structure lS only partially bleached at room temperature after formation at 77°K. This structure does not appear at room temperature. We suggest the irradiations at room temperature or OoC cause the formation of more stable electron traps (better electron acceptors) i.e., fluorine atoms, so that the mechanism suggested for the low temperature irradiations is not favored. The temperature scale is not linear. Broad absorption spectra of Ac -CaF 2 after 3 hrs. y-irradiation.
The dotted lines indicate the positions of absorption maxima. .~ .
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